The migration of antimicrobial (AM) agents carvacrol, thymol and linalool from heat pressed 16 and coated starch-based packaging films into isooctane, a recommended fatty food simulant, 17 was investigated. The AM agents were effectively released into isooctane and their overall 18 release consistently obeyed first-order kinetics. When the test temperature was increased 19 from 15 to 35°C, the diffusion coefficients increased from 6.3 × 10 -13 to 12. 
release consistently obeyed first-order kinetics. When the test temperature was increased 19 from 15 to 35°C, the diffusion coefficients increased from 6.3 × 10 -13 to 12.9 × 10 -13 m -2 s -1 20 for carvacrol, from 12.0 × 10 -13 to 29.7 × 10 -13 m -2 s -1 for thymol and from 9.5 × 10 -13 to 19.0 21 × 10 -13 m -2 s -1 for linalool from the heat pressed starch-based films. The diffusion coefficients 22 of carvacrol, thymol and linalool from starch-based films coated with a 23 methylcellulose/hydroxypropyl methylcellulose matrix containing the AM agent increased 24 from 2.2 × 10 -13 to 8.7 × 10 -13 m -2 s -1 , from 2.7 × 10 -13 to 6.1 × 10 -13 m -2 s -1 and from 5.1 × 10 -25 13 to 9.4 × 10 -13 m -2 s -1 respectively between 15 and 35°C. The activation energy E a , for the 26 migration of carvacrol, thymol and linalool from the heat pressed films was found to be, 26.2, 27 33.6 and 25.5 kJ mol -1 respectively whereas the corresponding E a values for the migration 28
Introduction 36
Consumer preference for preservative-free and high-quality food products that are packaged 37 in materials that create a lower environmental impact has inspired research into the 38 application of biopolymeric materials in antimicrobial (AM) packaging systems (López, 39 Sánchez, Batlle & Nerín, 2007) . When a volatile AM agent is incorporated into a package, it 40 is released mainly by permeation and diffusion onto food surfaces to control pathogenic or 41 spoilage microorganisms during the shelf life period (Suppakul, Sonneveld, Bigger & Miltz, 42 2011b ). Antimicrobial packaging is among the more promising forms of active packaging 43 (AP) systems aimed at protecting food products from microbial contamination. The latter are 44 systems in which the product, the package and the environment interact to extend shelf life or 45 improve microbial safety or sensory properties whilst simultaneously maintaining the quality 46 of food products (Miltz, Passy & Mannheim, 1995) . According to Rooney (1995) , the 47 additional preservation roles, rendered by AP systems to the packaged food product, 48 differentiates them from traditional packaging systems that offer only protective functions 49 against external influences. Numerous studies (Appendini & Hotchkiss, 2002; Han, 2005; 50 López, Sánchez, Batlle & Nerín, 2007; Tovar, Salafranca, Sanchez & Nerin, 2005) have 51 identified migratory and non-migratory as the two main categories of AM packaging systems. 52
In migrating AM packaging systems, AM agents incorporated into the packaging material are 53 released onto food surfaces and/or into the headspace of the packages to suppress microbial 54 growth (Appendini & Hotchkiss, 2002; Han, 2003) . The release rate of AM agents from the 55 packaging material has a significant effect on the AM activity and potential applications of 56 AM films in food packaging (LaCoste, Schaich, Zumbrunnen & Yam, 2005; Rardniyom, 57 2008 ). An AM agent incorporated into a packaging material is released onto food surfaces 58 mainly by permeation and diffusion to control pathogenic and/or spoilage microorganisms 59 7 HPMC dispersion whilst the dispersion cooled down. This resulted in the formation of a 134 uniformly clear coating solution or gel (Rardniyom, 2008 ). The AM agent was then added to 135 the coating solution to form the final coating material with the AM agent at a target level of 136 3% (w/w). The coating medium was applied to the starch-based material using a hand drawn 137 glass roller and the film was then dried under ambient conditions (temperature 21°C, RH 138 38%) for 24 h (Cooksey, 2005) . To control the thickness of the coating, the starch-based 139 material was taped onto a 30 × 30 cm glass plate and the edges were framed using 3M™ 140 masking tape. Each of the three solutions containing the natural AM agents: carvacrol, 141 linalool and thymol were coated separately onto the starch-based material. Similarly, a 142 coating solution without AM agent was also prepared and applied to the starch-based 143 substrates as the control. The film thickness was measured in accordance with the method 144 The study of the release of AM agents from heat pressed starch-based film samples into 163 isooctane as a fatty-food simulant was performed at three temperatures: 15, 25 and 35°C by 164 the total immersion migration method (EC, 1997; USFDA, 2007) . Film samples weighing ca. 165 0.5 g were immersed in 100 mL of isooctane in a tightly sealed vessel that was gently 166 agitated (60 rpm) in an incubator shaker (InnovaTM 4230, New Brunswick Scientific, USA). 167
The release of AM agents from the MC-HPMC coated APTPS films was also investigated at 168 each of the three temperatures. In each case, immersion of the starch-based films or coated 169 films did not adversely affect the integrity of the materials. The amount of AM agent released 170 from the moulded starch-based films and/or MC-HPMC coatings were monitored until 171 equilibrium was attained. The amount of AM agent released from these systems at any time 172 was analysed by GC in accordance with the conditions described above. The release 173 experiments were performed in triplicate. 174 175
Data Analysis 176
The migration of AM agents from the starch-based film was analysed using two data analysis 177 treatments: the overall kinetics and the diffusion models, in accordance with Cran et al. 178 (2010) . Equations describing the migration of AM agents from a polymeric film with time 179 have been derived and suggested by Miltz (1987) and Crank (1975) . The release of AM 180 agent into the food simulant was initially analysed for the fit to first-order kinetics model. 181
For this model, equation (1) For the kinetic approach to data analysis, the rate constants were calculated using equation 196 (1) and the initial release rates of AM agent were calculated using equation (2). 197 198 In the diffusion model, the analysis of the AM agent release from the film into the food 199 simulant is considered in two parts: the short-term and the long-term migration equations. yield a straight line with slope of -k 2 . In the case of the diffusion model, the diffusion 216 coefficients were calculated using equation (3) for short-term migration and the rate constant 217 was calculated using equation (5) for long-term migration. 218
It is important to note that equations (3) to (5) are based on a two-sided diffusion model 219 whereby migration occurs from both sides of the film and this model was applied to both the 220 heat pressed and the coated films. In the case of the coated films it is expected that the 221 observed AM diffusion occurs primarily from the coating layer. Nonetheless, it is expected 222 that AM diffusion will also occur within and originate from the APTPS (polyester/starch 223 composite) layer, albeit that this diffusion will be impaired. Indeed, the solvent swelling of 224 this material would be expected to facilitate the AM diffusion process. It is therefore 225 expected that the AM diffusion will be asymmetric with respect to each side of the coated 226 film system and that overall the diffusion model for this system will be complex; neither one 227 sided nor two sided. In order to analyse the results and obtain comparative data the two sided 228 11 diffusion model was applied in all cases. Thus the diffusion data that are reported for the 229 coated systems should be treated as apparent diffusion parameters that are suitable solely for 230 the purpose of comparing the characteristics of the difference systems. The linearity of the 231 data when fitted using the two-sided model suggests that the choice in model is adequate for 232 this purpose. 233
234
The effect of temperature on the release of AM agents, was determined from the Arrhenius 235 equation (Rardniyom, 2008; Suppakul, 2004) . The activation energy of diffusion, E a , was 236 obtained from D values at different temperatures using equation (6): 237 
Release of AM Agents into Food Simulants 271
The migration into isooctane (a fatty food simulant) of the AM agents from the starch-based 272 films prepared by heat pressing or from the MC-HMPC coatings was studied at three 273 different temperatures (15, 25 and 35°C) . In all cases the data fit an overall kinetic model with an expected increase in the release rate 300 with increasing temperature. Similar trends were observed for the migration of thymol and 301 linalool from their respective substrate films at these temperatures (data not shown). The 302 initial release rate, v 0 and the overall rate constant for release, k 1 that were obtained from the 303 analysis of the data by the kinetic model for the two kinds of films are presented in the Table  304 1. 305
The results shown in Table 1 along with the plots in Figure 2 demonstrate that an overall 306 first-order kinetics model adequately describes the release of the three AM agents into 307 isooctane from the starch-based systems. In the case of both kinds of film, the initial release 308 rate and the overall rate constant consistently increased with the increase in temperature from 309 15°C to 35°C. This observation is consistent with that of Han and Floros (1997) approximately every 10°C rise in temperature. This deviation from the expected release 318 behaviour may be due to hydrogen bonding effects between the AM agents and the different 319 polymer matrices and/or due to tortuosity effects created within either of these matrices that 320 reduce the sensitivity to changes in temperature. As one would expect, the rate constant for 321 the migration of carvacrol, thymol and linalool from the MC-HPMC coatings are higher than 322 those obtained for the heat pressed samples. This observation may be attributed to the 323 differences in the concentration and different locations of AM agents in the two kinds of film 324 matrices. The experimental results were also analysed by the diffusion model of migration. 325
To apply this model, the migration of AM agents into the food simulant from the two kinds of 326 films was considered in two domains: the short-term and the long-term migration (Crank, 327 1975; Miltz, 1987) . 328 25°C from the heat pressed starch-based film and of ln(1 -m t /m∞) versus t for the long-term 331 release respectively. Similar behaviour to that depicted in Figure 3 was also observed for the 332 release of carvacrol into isooctane at 15 and 35°C. Similar results to those shown in Figure 3  333 were found for the heat pressed starch-based films containing thymol or linalool. The 334 linearity of the plots at m t /m∞ < 0.6 with respect to t ½ demonstrates that the data are well 335 described by the diffusion model given in equation (3) Table 1 for all studied systems. The results listed in 355 Table 1 
